Development of Highly Efficient Saving Processes of Rare Earth in R-T-B Permanent Magnet  by Saguchi, A. et al.
  Physics Procedia  54 ( 2014 )  168 – 173 
Available online at www.sciencedirect.com
1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of Department of Physics, Indian Institute of Technology Guwahati
doi: 10.1016/j.phpro.2014.10.055 
ScienceDirect
International Conference on Magnetic Materials and Applications, MagMA 2013 
Development of highly efficient saving processes of rare earth in  
R-T-B permanent magnet 
A. Saguchia*, T.Uesugia, Y.Takigawaa, K.Higashia 
Department of Materials Sicence, Graduated School of Engineering, Osaka Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka, 599-8531, Japan 
Abstract 
In this study, cost reduction of manufacturing R (Nd, Pr, and Dy) –T (Fe, Co)-B permanent magnets was investigated. An efficient direct 
melting recycle of R-T-B magnet scraps and multiple methods for saving Dy were focused. In the former, Decarburization and deoxidation of 
R-T-B magnet scraps were developed as a pre-treatment technique for conventional induction melting. The decarburized scraps 0.001mass% 
carbon or less was subsequently deoxidized by calciothermic reduction. The recycled scraps can be used as low cost alloying elements by re-
melting. In the latter, the casting conditions for R-T-B alloy with small admixture of Ga and the improved pulverization process of R-T-B 
magnet alloy were developed. Microstructure of R-T-B magnet alloy with small admixture Ga was optimized by controlling cooling rate during 
solidification, and its average crystalline size was to be 5ȝm. In order to obtain finer R-T-B magnet alloy powder preferable to the coercive 
force, conditions of hydrogen decrepitation (HD) prior to pulverization were optimized. Specific surface area of the HD magnet alloy was 
increased with decreasing temperature and hydrogen pressure, and its grindability was verified by Jet milling. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Department of Physics, Indian Institute of Technology Guwahati. 
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1. Introduction 
In order to develop a more sustainable,  low-carbon economy, R-T-B permanent magnets are expected in increasing demand 
as a key device for the industrial high efficiency motors which have been applied in, for example, hybrid and electronics cars, air 
conditioner, personal computer, medical equipment, and wind turbines, etc. R-T-B magnets are generally composed of iron, 
boron, and rare metals such as neodymium, praseodymium, and dysprosium, that the worldwide demand reached 60,000 ton in 
2012 [1], further market expansion is expected.  
On the other hand, supply more than 90% of main raw materials for R-T-B permanent magnet is only dependent on China. In 
recent years, China has been strongly promoting the resource strategy in export sales of rare metals. Therefore, both China’s 
controlled supply and its arbitrary pricing have become a worldwide problem. Thus, stable supply and price of rare metals are not 
expected for the time being [1, 2, 3, 4].  
In this environment, the manufacturing cost of R-T-B magnet, for example, such as the cost of sales ratio, should be decreased 
to sustain stable product supply and contribute to green sustainable society for the R-T-B magnet alloy suppliers. To solve the 
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problem, the cost reduction of recycling magnet scraps and saving of expensive Dy are required. Multiple developed processes 
which effect on the cost reduction are proposed by reviewing our previous and recent study. 
2. Current issues and new concept of cost reduction approach 
R-T-B permanent magnets are manufactured by powder metallurgy processes consisting of the mechanical pulverizing of 
material ingots, the pressing in magnetic field, the sintering of green compact, and the machining (mainly grinding). Although 
high content of expensive rare metals are contained, about 30mass% of input materials are generated as magnet scraps. They are 
broadly classified into two forms, which are solid scraps as sintered magnets and powder scraps as compacts or grinding sludge. 
Some of them have been recycled by magnet alloy manufactures [3]. 
As for recycling methods, a hydrometallurgical route, which is defined as solvent extraction, separation and electrolytic, and a 
pyrometallurgical route, which is defined as direct melting in furnace, have already been established and applied industrially, but 
there are problems of mass production on each. The recycled metals less impurities can be obtained by the hydrometallurgical 
route, but the environmental costs consisting of the large amount of acid solution used in the separation process, the waste 
processing including the iron residue, and the rare earth fluoride essential for electrolytic bath salt, are well known problems, and 
those leads to difficulties of business continuity [3]. 
As for a pyrometallurgical route, there are concerns that the deterioration of alloy quality due to an impurity contained in 
scraps such as carbon, and its low operating efficiency due to an impurity contained in scraps such as oxygen. Specifically, 
carbon as an impurity is remained as rare earth compounds of high melting point in recycled alloy. Therefore, it causes an 
available volume decrease both of non-magnetic R-rich grain boundary phase and ferromagnetic R2T14B matrix phase. As a 
result, the magnetic properties such as the residual magnetic flux density (Br), the coercive force (Hcj), the squareness ratio (Hk), 
and the energy product (BHmax) will be greatly degraded [5]. Similarly, oxygen will result in slag formation and loss of a 
significant amount of rare earths due to strong rare earths affinity for oxide slag, and also causes problematic yield failure and 
gives damage to refractory crucible. In order to improve recycling efficiency by direct melting recycling, the pre-treatment 
techniques to remove carbon and oxygen previously are required [6, 7, 8, 9]. 
Second, the issues in the latter are described below in detail. The vital element, Dy has an anisotropy field (HA) as large as 
2.2 times as Nd at room temperature, therefore, it has been applied to the high efficiency motors that require high coercive force. 
As a feature of such magnets, it is characterized that Dy content is 7mass% to 10 mass% in high-performance motors (for the 
automotive applications), and is 4mass% to 7mass% in even small motors (for the air conditioner, industrial equipment 
applications). On the other hand, as for its purchase price, it has become 10 times Nd in 2012, and sound price is difficult to be 
expected for the time being.  
In such a situation, for example, development of saving Dy has been underway in the industry-government-academia 
cooperation in Japan [10,11,12,13], some promising results have been acquired, for example, the development of inexpensive 
high performance ferrite magnets in mass production, Dy diffusion method for savings, and application of Sm-Co magnet as an 
alternative magnet. However, it has been pointed that those development cannot catch up to strong demand in R-T-B permanent 
magnet motors, then, the need for Dy is expected to be continued as a whole [1,2,3,4]. 
In this study, as a threefold approach, new pre-treatment processes for direct melting recycle of R-T-B permanent magnet 
scraps and a development both of strip-cast (SC) alloy containing trace amount of Ga and an optimized pulverizing process of  
R-T-B permanent magnet toward saving Dy, were proposed. 
Firstly, as for new pre-treatment processes for the direct melting recycle of R-T-B permanent magnet scraps, combination of  
the decarburization by oxidation and the deoxidation by calciothermic reduction was studied [6,7,8,9], and its cost effectiveness 
and technical usefulness were verified. Secondly, as for saving Dy, an optimized SC method was investigated for an alloy 
containing trace amount of Ga. It has been already reported that small amount of Ga in the R-T-B sintered magnets forms a low 
melting point eutectic Nd compound at grain boundary, and its compound prevents the reverse magnetic domain occurs at grain 
boundary by effect of better wettability [13,14,15,16], and R2Fe17GaX compound precipitated when sintering improves the 
coercive force [17,18]. 
In addition, as another way of saving Dy, it has been demonstrated that finer grain size of sintered R-T-B permanent magnets 
can improve the coercive force by Ramesh et al in 1988 [19]. It is well known that decreasing particle size of magnet alloy 
results in decreasing grain size of R-T-B permanent magnet via sintering. In current manufacturing process of R-T-B permanent 
magnet, the alloy is powdered by a combination method of hydrogen decrepitation (HD) and pneumatic pulverization. As for the 
HD in particular, unfortunately, not so many technical reports have been proposed about its grindability because of complex 
hydrogenation reaction. 
Therefore, in order to obtain an optimal guideline for the pulverization process, conditions of the HD were experimentally 
investigated, and its technical usefulness and its cost impact were verified. 
3. New pre-treatment processes for the direct melting recycle of R-T-B permanent magnet scraps 
Decarburization and deoxidation of R-T-B permanent magnet scraps as a pre-treatment technique for direct melting recycle 
were investigated as shown in Fig 1. As an experimental sample, industrial R-T-B magnet alloy powder scraps (grinding sludge) 
containing 5.6mass% oxygen, 1.3mass% carbon as impurities were used.  
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For the decarburization, in view of thermodynamic consideration, optimal decarburizing conditions and its mechanism were 
investigated to oxidize only carbon, preventing an excessive oxidation of the R2Fe14B matrix phase by the pilot plant equipment. 
For the deoxidation, the calciothermic reduction proven as titanium oxide was used, and optimal deoxidation conditions, leaching 
conditions to remove calcium oxide, and its deoxidizing mechanism were studied. As a result, for the decarburization, carbon 
content was reduce to 0.03mass%, the same level as a virgin metals by applying combination of hydrogen reduction and 
oxidation under reduced pressure.  
As for the deoxidation, oxygen content of the decarburized powder was reduced to 0.1mass% by using the calcium halide 
flux deoxidation, where in order to accelerate the removal of calcium oxide. It was found that a coarsening of deoxidized powder 
during the reaction prevent re-oxidation in the leaching process by enhancing alloying reaction to the R2Fe14B matrix phase as 
shown in Fig.2. 
 
 
 
Fig.1 Schematics of new pre-treatment processes for the direct melting recycle of R-T-B permanent magnet scraps 
 
 
Fig.2 SEM image of the recycled R-T-B alloy powder reduced by the calcium halide flux deoxidation method for the direct melting recycle 
4. Saving Dy by manufacturing R-Fe-B permanent magnet alloy with minor addition of Ga 
In current R-T-B permanent magnet manufacturing process, the SC is suitable method for the preparation of ingot with a 
uniform distribution of the Nd-rich phase and a fine grain size. Because of the high cooling rate during the solidification process, 
the formation of Į-Fe dendrites and undistributed R-rich phase are prevented and the SC alloys show micro-scale lamella 
structures composed of the R2T14B and R-rich phases [20]. 
In this report, an optimized SC conditions for Ga-added R-T-B permanent magnet alloy were investigated by evaluating 
microstructure of alloy in view of saving Dy. It has been reported that Ga-containing R-T-B sintered magnet has great effect of 
improving coercivity [16]. 
The alloys of (Nd+Pr)12.9 Dy2.1B6.2Co1.0Al0.5Cu0.1Ga0.1Febal. were  prepared with different cooling rates, the alloys of two 
different grain size were obtained. Their microstructures were investigated by FE-SEM, HR-TEM and EDS.  
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As a result, the average lamella structure size of the SC alloys were 3ȝm,5ȝm respectively by FE-SEM observation, the 
cooling rate of the latter alloy is considered slower than the former alloy. Moreover, the significant concentration of Ga in the R-
rich grain boundary was confirmed only in the latter coarser alloy. Its Ga-rich phases were identified as amorphous-like phases 
and they were coexisted with the R-rich crystalline phases as shown in Fig.3 and Fig.4. That is, Ga distribution in R-rich 
boundary phase may be controlled by optimizing SC conditions and it is expected to save Dy for high performance R-T-B 
permanent magnet [21]. 
 
Fig.3 HR-TEM observation at the edge of grain boundary in SC alloy (lamella structure size of 5ȝm). The two SAD patterns corresponded to the measurement 
point A and B are shown. 
 
 
Fig.4 EDS analysis at the grain boundary in SC alloy of Fig.3. Fig.4(a) and Fig.4(b) correspond to the amorphous-like phase and the crystalline phase at grain 
boundary, respectively. 
5. Saving heavy rare earth by optimizing alloy pulverizing 
Optimizing HD process was investigated to improve the coercive force by manufacturing finer magnet powder for saving Dy. 
The different four types of alloys, varying R content and its casting conditions, were prepared by the conventional mold casting 
and the strip casting. For evaluating the hydrogen absorption behavior in R-T-B permanent magnet alloys, the HD process was 
conducted in various conditions of hydrogen pressure and temperature, the amount of hydrogen was measured by using hydrogen 
storage measurement system (P-C-T). In order to understand characteristics of hydrogen decrepitating and its grindability of the 
HD magnet powder, the surface observation, the specific surface area and the particle size distribution were investigated, and the 
HD powder was pulverized by jet milling to study effects of the HD process on grindability [22,23]. 
As a result, for the hydrogen absorption, saturated amount of absorbed hydrogen was linear relationship between amounts of 
rare metals. Furthermore, the hydrogen absorption rate indicating reactivity with hydrogen was increased as temperature and 
hydrogen pressure increase. As for the effects of the HD process on grindability, the specific surface area of the HD alloys was 
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increased with decreasing temperature and hydrogen pressure. Consequently, the finer particle size of 3.12ȝm was obtained by 
jet milling under the HD conditions of temperature 303K, the hydrogen pressure 151kPa as shown in Fig.5. These result in 
corresponding to the miniaturization of 0.1ȝm compared with conventional HD process. 
Fig.5 Effect of the HD conditions on the grindabilty of R-T-B permanent magnet alloy. 
6. Conclusions 
For cost reduction of manufacturing R-T-B permanent magnet, new pre-treatment methods for direct melting recycle of R-T-
B permanent magnet scraps, and multiple methods of saving Dy were investigated by considering the mass production. In the 
former, the cost reduction rate is estimated to be 0.9% by reduction of recycling cost compared with conventional 
hydrometallurgical recycling. In the latter, that is estimated to be 1% by saving Dy compared with current methods. Overall, 
approximately 2% of cost reduction is expected by applying all these methods to the current manufacturing process. Near future, 
this achievement is expected to contribute to the green sustainability as a further development. 
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